The effects of external electric and magnetic fields on InP self-assembled quantum dots ͑QDs͒ were investigated by means of single dot spectroscopy. By systematically changing a bias applied to the sample, successive energy shifts of the photoluminescence ͑PL͒ peaks from excitons and biexcitons due to the quantum confined Stark effect were clearly observed. The quadratic Stark coefficient was evaluated to be of the order of 10 Ϫ31 Fcm 2 . The energy separation of the PL peaks arising from the excitons and biexcitons changed with the applied electric field, reflecting a slight difference of the Stark coefficient between the exciton and biexciton states. The existence of permanent dipole moments was also revealed in both the exciton and biexciton states. The spatial separations between the electrons and holes along the growth direction in a QD were estimated to be 7 Å for the exciton state, and 8 Å for the biexciton state. Further, the diamagnetic shift and the Zeeman splitting of the exciton states were clearly observed in a magnetic field. It was found that the diamagnetic coefficient gradually decreases on decreasing the QD size. A simple qualitative model can explain that this result is due to competition between quantum confinement and magnetic confinement.
I. INTRODUCTION
Zero-dimensional ͑0D͒ semiconductor structures or quantum dots ͑QDs͒, which are often referred to as artificial atoms, have attracted considerable interest recently due to their potential for applications and fundamental physics interest. From the basic physics point of view, one of the very interesting topics is experimental measurements of the wave functions on the confined electrons and holes. While a direct mapping of the wave functions is rather difficult, quantities that directly relate to the extent and shape of the electron and hole densities can be obtained by optical measurements in the presence of external fields.
In almost all presently available QD samples, the photoluminescence ͑PL͒ energy separation between the exciton and biexciton states is much smaller than their macroscopic PL bandwidth caused by the fluctuations in their size and shape. In order to eliminate the ambiguity due to these sizeshape fluctuations, the observation of a single QD is very important. Since the QDs show very sharp PL lines reflecting the density of states of a 0D system, it is expected that even very small changes of their electronic energies can be easily measured.
By observing single QDs, important information and interesting phenomena hidden behind the inhomogeneous distribution have been clarified, such as many carrier effects, [1] [2] [3] charged excitons, 4, 5 strong optical anisotropy, [6] [7] [8] fluorescence intermittency, 9, 10 and photon anti-bunching. [11] [12] [13] In order to observe a signal from a single QD, it is important to reduce the number of QDs to be excited and probed. The QDs have to be well separated from each other in comparison with the spatial resolution of the detection microscope system. Among the various 0D systems investigated so far, the QDs formed thorough the Stranski-Krastanow ͑S-K͒ growth mode are most suitable for the study of a single QD because the QDs can be fabricated in a single layer. In the present work, we employed InP S-K QDs to explore their optical properties in the external fields.
The optical properties of single QDs in external fields have been investigated theoretically and experimentally by several groups. For example, the effects of electric field in a wide variety of QD systems have been reported in Refs. 5 and 14 -24. Since each electronic state ͑e.g., one exciton, biexciton, and their excited states͒ shows a different energy shift with respect to the applied electric field, 16, 21, 22 detailed -PL measurements are necessary to obtain information on the wave functions of these states. In quantum wells, Thilagam has theoretically shown that the energy shifts have a different magnitude between the exciton and biexciton states. 25 Such a study of QD systems would be interesting. When an external electric field F is applied, quadratic energy shifts of the exciton states E(F) are observed by the Stark effect:
where E 0 is the energy for Fϭ0. In most III-V bulk semiconductors, the linear coefficient p is very small. 26 -28 Recently, Fu has theoretically predicted a nonzero value of p due to the existence of a permanent dipole moment in spherical QDs. 29 However, it is still very small, typically ϳ1e•Å in QDs of a few tens of nm in size. On the other hand, in the case of the S-K QDs having pyramidal or lens shapes ͑e.g., Al x In 1Ϫx As, 17 InAs, 18, 21, 22 and In x Ga 1Ϫx As, 5, 23 ͒, it has been clarified that there exists a large permanent dipole moment. Patanè et al. have pointed out that the localization of the electron is above the hole in In x Ga 1Ϫx As. 23 In other InAs QD samples, however, the confined holes are localized above the electrons in the QDs, 18, 22 which is opposite to that predicted by theoretical calculations. The discrepancy between the experiments and theoretical calculations is considered to be due to nonuniform indium composition in real systems. 19 It is thus important to examine the existence of a permanent dipole moment and its direction in QDs of other materials. Furthermore, a permanent dipole moment in a biexciton state has never been carefully studied.
Turning our attention to the magneto-optical effects, magnetic field has historically been employed to artificially generate confined states in bulk semiconductors. In lowdimensional semiconductors, the excitonic states in a magnetic field are characterized by three energy scales: the lateral-size quantization energy, the exciton effective Rydberg energy, and the magnetic confinement energy. The magnetic length , which is equivalent to the cyclotron radius, is defined by
where e and B are the electronic charge and the magnetic field, respectively. The magnetic length characterizes the scale of magnetic confinement. We can estimate to be 26 nm at 1 T and 8 nm at 10 T. Since the semiconductor QDs have sizes of a few tens of nm, the magnetic length is comparable to the sizes of typical QDs in this magnetic field range. Therefore, it is interesting to investigate the competition between magnetic confinement and quantum confinement in QDs. The exciton states show Zeeman splittings and diamagnetic shifts in a magnetic field. In many cases, these changes are much smaller than the inhomogeneous broadening of the PL band. [30] [31] [32] In addition, when the lateral quantization and the Coulomb attraction are increased by decreasing the QD size, the magnetic confinement becomes less important, leading to a smaller diamagnetic shift. It is thus necessary to investigate PL from single QDs. The PL from single QDs in the magnetic field has been reported by several groups. 1, [32] [33] [34] [35] [36] [37] Bayer et al. have observed a systematic decrease in the PL peak energy shift with decreasing size in large QDs fabricated from deep etched quantum wells, and related it to the transition from 2D to 0D. 38 On the other hand, the diamagnetic coefficient has almost a constant value in very small QDs. 32 It will be interesting to study these quantities in the intermediate size regime using QDs of different sizes.
Here we present the optical response of the InP single QDs in external electric and magnetic fields. From the optical measurements we extract the quadratic Stark coefficients of excitons and biexcitons. Our results reveal the existence of permanent dipole moments in both exciton and biexciton states. Further, the size dependence of the diamagnetic coefficients is discussed.
II. EXPERIMENTAL DETAILS
The samples used in this study were prepared by means of metal-organic vapor phase epitaxy ͑MOVPE͒, as described in detail in Ref. 39 . Self-assembled InP QDs sandwiched between two insulating Ga 0.5 In 0.5 P barriers of 180 nm thickness each were grown on a Si doped (n ϩ ) GaAs ͑001͒ substrate. In order to apply a dc bias to the sample, an n-i-Schottky diode structure was fabricated by depositing a semi-transparent gold layer of 20 nm thickness onto the sample surface.
As the excitation light source of the optical measurements, the 488 nm line of a continuous wave Ar-ion laser was used. For the single dot spectroscopic study in an electric field, a confocal micro-photoluminescence (-PL͒ system was adapted. 3 The samples were set on a cold-finger of a liquid He flow-type cryostat and cooled down to 4 K. The unfocused laser beam with a diameter of ϳ5 mm was irradiated on the sample surface to achieve a uniform excitation intensity. The sample PL was collected using a microscope objective lens with a numerical aperture of 0.42. A pinhole was placed on the image plane of the microscope to select a single QD. The spatial resolution of this system is better than 2 m.
In order to measure the -PL spectra by a conventional macroscopic configuration using a superconducting split-coil magnet up to 10 T, the QDs were confined in small mesas. 32 Micro-patterns were drawn on the sample surface by means of photolithography. Most part of the sample surface was chemically etched by HCl:H 2 Oϭ2:1 at 30°C leaving behind small portions of size about 3ϫ3m 2 . The spatial separation between the mesas is 100 m. One of the mesas was selected by setting a pinhole of diameter 100 m on the sample.
In both measurements in the electric field and the magnetic field, the PL signal was analyzed using a 50 cm single monochromator, and then detected by a charge coupled device camera cooled by liquid nitrogen. The spectral resolution of the detection system was better than 300 eV.
III. RESULTS AND DISCUSSION
A. µ-PL spectra from a single QD Figure 1 shows the excitation power dependence of the -PL spectra of a single InP QD measured without applying an external field. Under very weak excitation of less than Pϭ1 mW/cm 2 , a single sharp PL line denoted by X was observed at ϳ1.671 eV. When the excitation power was slightly increased, a new line XX indicated by the arrow was observed at the lower energy side of X. The inset in It is instructive to analyze these results using a simple rate-equation model. The probability of the formation of an N-exciton state in a QD can be written as
where ␣ stands for the exciton generation rate that is proportional to the excitation power P. As shown by the solid curves, the experimentally observed excitation power dependence of the PL lines X and XX are both well reproduced using a single parameter ␣. It is thus concluded that the PL lines X and XX arise from the radiative decay of single excitons (Nϭ1) and biexcitons (Nϭ2) in their ground states, respectively, i.e., X line comes from the transition of the confined exciton ͉X͘ to the ground state ͉0͘, while XX line reflects the transition from the biexciton state ͉XX͘ to the exciton state ͉X͘ ͑see the schematic drawn in Fig. 1͒ . Since the exchange interaction in III-V QDs is very small, the energy separation of the PL peaks X and XX indicates the biexciton binding energy R XX . In the case of InP QDs, a typical value of the biexciton binding energy is about 3 meV, 3 which is a few times larger than that of bulk InP. 40 When the excitation power was more than ϳ15 mW/cm 2 , the PL intensity of the lower-energy side shoulder of XX became strong ͑shaded area in Fig. 1͒ . We consider that this shoulder originates from many exciton states, i.e., the exciton complexes composed from more than three electron-hole pairs. The PL from the confined excitons in the excited states was observed at ϳ1.685 eV, i.e., the energy separation between the ground and first excited states is about 14 meV. First, the effect of an external electric field on the exciton and biexciton states was studied using this QD. Figure 2 shows a series of the -PL spectra of the InP QD measured by systematically changing an external electric field. In this figure, the offset of each spectrum along the vertical direction indicates the applied electric field in mV units. The field was taken as positive when the field lines point from the Au contact on the surface to the GaAs substrate ͑see the schematic shown in Fig. 2͒ . The excitation power was kept at 8 mW/cm 2 throughout the experiments. The PL peak from the biexciton XX is clearly observed as denoted by the open circles, in addition to the main PL line X from the exciton.
B. Quantum confined Stark effect
FIG. 1. Excitation power dependence of the -PL spectra from a single InP QD without an external field. The PL peaks denoted by X and XX come from confined excitons and biexcitons, respectively. The PL from more than three excitons is observed around 1.685 eV and below the biexciton peak ͑shaded area͒. Inset: the PL intensities f of X and XX lines as a function of the excitation power density P in W/cm 2 units. The solid curves are fitted by Eq. ͑3͒.
FIG. 2.
Effect of an external electric field on the -PL spectra of the QD shown in Fig. 1 . The excitation power density is 8 mW/cm 2 . The offset of each spectrum along the ordinate shows the bias applied to the sample. The applied field direction is schematically shown in the inset. With decreasing applied bias, the PL peaks from excitons ͑X͒ and biexcitons ͑XX͒ show blue shifts.
The PL spectrum measured under the open circuit situation was reproduced when the applied bias was about 1000 mV. 41 The distinct blue shifts of the -PL lines from the exciton and biexciton were observed with the decrease of the applied bias. Note that when the applied bias is less than 1000 mV, the electric field through the Ga 0.5 In 0.5 P and InP layers is negative, i.e., the field lines point from the substrate to the surface. Further, the PL intensities of the excitons and biexcitons became weak as the applied bias was decreased. Figure 3 shows the PL peak energies from the exciton X and biexciton XX shown in Fig. 2 as a function of the electric field by closed and open circles, respectively. Figure 3͑b͒ shows the PL peak energies when the field was changed over a range wider than that in Fig. 3͑a͒ . The photocurrent I measured under the Ar laser irradiation is also plotted by the thick dotted curve in Fig. 3͑b͒ . Since the photocurrent is zero when the applied bias is ϳ1000 mV, the valence and conduction bands are flat at this point, which is consistent with the result mentioned above. The photocurrent is very small between Ϫ17 and 0 kV/cm (͉I͉Ͻ1A), while the photocurrent abruptly increases outside of this region. When the photocurrent is large, the influence of the inflow of the carriers into the QDs from the electrode and the substrate has to be taken into consideration, which causes the increase of the sample temperature ͑Ohmic heating͒ and the formation of charged excitons as briefly discussed below. We therefore discuss the energy shift of the PL peaks for electric fields between Ϫ17 and 0 kV/cm as the first step in our analysis. Figure 3͑a͒ shows the magnification of Fig. 3͑b͒ . As shown by the solid lines, the transition energies E(F) of the exciton X and the biexciton XX are well fitted by Eq. ͑1͒. It was found that the linear coefficient p has a nonzero value, which implies the existence of a nonzero permanent dipole moment in these QDs. In other words, the centers of gravity of the confined electron and hole wave functions are spatially separated along the growth direction. We find that p is positive, i.e., the holes are located near the base of the QD, while the electrons are distributed above the holes.
We note that the direction of the electron-hole alignment is consistent with the recent theoretical calculations on InP QDs. 42 The calculations show that holes tend to be localized closer to the base of the QD for two reasons: ͑i͒ the presence of the wetting layer at the base that pulls the hole towards it and (ii) the strain profile in the barrier region above the QD that shifts the valence band edge to lower energies, pushing the hole into the base of the QD. On the other hand, the electron density is more spread out in the QD because of the lighter mass of the electrons and the dilational strain in the barrier lowering the conduction band edge in the barrier material. Similar results have also been reported for InAs QDs without indium segregation. 15, 19 The existence of a nonzero permanent dipole moment has been experimentally observed in exciton states of several kinds of QDs as mentioned above. However, in most InAs QD samples, the sign of the dipole moment is opposite from what we observe. It is believed that the reversal of the electron-hole spatial distribution in InAs/GaAs QDs is due to nonuniform indium distribution.
From the fittings, we evaluated the permanent dipole moment p for the excitons to be p X ϭ1.0ϫ10 Ϫ28 Cm and that for the biexcitons to be p XX ϭ1.4ϫ10 Ϫ28 Cm. We note that in Eq. ͑1͒, p indicates the z component ͑the growth direction͒ of the dipole moment pϭ ͚ q i z i ,
͑4͒
where q h ϭϩe for a hole and q e ϭϪe for an electron. We can therefore estimate the electron-hole spatial separation d ϭ͉͗z e Ϫz h ͉͘ along the z axis to be d X ϭ7 Å for the excitons. 43 Noting that the observed PL energy for the biexciton is the difference between the biexciton and exciton states ͑see the schematic drawn in Fig. 1͒ , the dipole moment of the biexciton state is p XX ϩ p X ϭ2.4ϫ10 Ϫ28 Cm. Again, from Eq. ͑4͒, this corresponds to an average electron-hole separation of d XX ϭ8 Å for the biexcitons. To the best of our knowledge, this is the first report on a nonzero permanent dipole moment in a biexciton state.
Regarding the quadratic Stark coefficient ␤ for the biexcitons, the fit was not good when the same value as that for the excitons is assumed ͓dotted curve in Fig. 3͑a͔͒ . The best fit was obtained when a 40% larger value than that for the excitons was employed ͓solid curve in Fig. 3͑a͔͒ . We evaluated the Stark coefficient for the excitons to be ␤ X ϭ2.1 ϫ10 Ϫ31 Fcm 2 and that for the biexcitons to be ␤ X ϭ2.9 ϫ10 Ϫ31 Fcm 2 .
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When the electric field is either FϽϪ17 kV/cm or F Ͼ0 kV/cm, a considerable amount of photocurrent flows in the sample as shown by the dotted curve in Fig. 3͑b͒ . The PL peak X from the confined exciton no longer shows a quadratic energy shift, but shifts linearly with the field. The en- The thick solid curves are fitted by Eq. ͑1͒. The quadratic Stark coefficient of the biexciton has a 40% larger value than that of the exciton. When the same value was assumed, a good fit was not obtained as shown by the thin dotted line in Fig. 3͑a͒ . The thick dotted curve in Fig. 3͑b͒ is the photocurrent measured under the Ar laser irradiation of 8 mW/cm 2 . When the photocurrent is small, the peak energy shows a quadratic shift with respect to the electric field, while it shows a linear shift ͑thin solid line͒ when the photocurrent is large. The magnification of Fig. 3͑b͒ is shown in Fig.  3͑a͒ , where the photocurrent is very small. ergy shift becomes large on both sides of the small photocurrent region. The larger energy shift is not due to the increase of the sample temperature because an increase in the sample temperature results in a redshift of PL peak. 45 However, the PL peak shifts to the higher energy side when the field is F ϽϪ17 kV/cm. Instead, this large energy shift can be explained as follows: when the photocurrent is large, the probability of the trapping of the excess carriers into the QDs is enhanced, where the carriers are supplied from the electrode and the substrate. The excess carriers form coupled states with the excitons, resulting in new excitations, namely charged excitons. Unlike the excitons which are electrically neutral, the charged excitons are more sensitive to the electric field. Since the probability of the formation of the charged excitons is high when the electric field is either below Ϫ17 kV/cm or above 0 kV/cm and since the charged excitons are considered to be sensitive to the electric field, the energy shift becomes larger than that in the small photocurrent region.
We then investigated the optical responses of the exciton and biexciton states using several QDs in the same sample. Figure 4 shows the -PL spectra when the field is F ϭ0 kV/cm ͑flat band condition͒ and FϭϪ9 kV/cm. The sharp main PL peak of each spectrum shown in Fig. 4 comes from excitons and the small peak observed at the lower energy side arises from biexcitons. The abscissa shows the energy shift from the confined exciton state. The PL peak energies of the excitons are ͑a͒ 1.671 eV, ͑b͒ 1.715 eV, and ͑c͒ 1.652 eV. The spectra shown in Fig. 4͑a͒ were measured using the QD shown in Figs. 1-3. As mentioned above, the permanent dipole moment has a nonzero value and the quadratic Stark coefficient of the biexcitons has a larger value than that of the exciton in this QD. Eventually, the energy separation between the PL peaks from the excitons and biexcitons becomes small when a negative field is applied. The magnitude of the quadratic Stark coefficients of the excitons and biexcitons differs from dot to dot. For example, the energy separation of the PL peaks from the excitons and biexcitons becomes large in some QDs when the negative bias is applied as shown in Fig. 4͑b͒ , while the separation is almost constant in other QDs as shown in Fig. 4͑c͒ . Figure 5 plots the quadratic Stark coefficients of the excitons and biexcitons examined in several QDs. We found that in most of the QDs ␤ ranges between 1ϫ10 Ϫ31 and 6 ϫ10 Ϫ31 Fcm 2 . The PL peak energy reflects the size of QDs. We note that ␤ measures the polarizability of the QDs apart from a constant. In very thin quantum wells, Barker and O'Reilly have theoretically concluded that the polarizability increases with the width. 19 A similar dependence may be expected in QDs. However, a systematic change with respect to the PL peak energy ͑i.e., the QD size͒ was not observed in InP QDs within the resolution of our experimental setup. The fluctuation of the values is probably due to a slight difference in shape of each QD. scopic and ͑b͒ microscopic methods. For the measurements, ͑a͒ the as-grown sample and ͑b͒ the QDs in a small mesa were used. The bracket of Fig. 6͑a͒ indicates the energy region shown in Fig. 6͑b͒ . In the macroscopic observations, the state filling effects, i.e., a broadening and a high energy shift of the PL band, were not observed when the excitation power density was lower than about 1 W/cm 2 . We note that the excitation threshold of the state filling in the sample shown in Fig. 6 is higher than that in Fig. 1 , because the areal density of the QDs in Fig. 6 is high. In the -PL spectra ͑b͒, the number and energies of the PL peaks are the same between the excitation powers of 110 and 36 mW/cm 2 . This indicates that most of the PL peaks come from the confined excitons in the ground state when the excitation power is below ϳ100 mW/cm 2 . The magnetic field effects on the -PL spectra were measured under weak excitation of 100 mW/cm 2 as a beginning of the magnetic PL study. Figure 7 shows two sets of the -PL spectra from two individual QDs measured under various magnetic field strengths. The measurement was performed in the Faraday configuration (kʈzʈB): the magnetic field B was applied normal to the sample surface, and the directions k of the photoexcitation and PL detection are parallel to the magnetic field. Here z indicates the growth direction. The thick curves are the -PL spectra at 0 T. The upper five curves shows data for ϩ circular polarization, while the lower five curves correspond to Ϫ polarization. Since the photo-excitation was made above the band gap energy of the Ga 0.5 In 0.5 P matrix, the polarization of the excitation laser beam caused no significant change of the -PL spectra. The PL peaks show blueshifts on increasing the magnetic field. In all measured PL peaks, the energy shift was greater for ϩ than for Ϫ . The PL peak energies in Figs. 7͑a͒ and 7͑b͒ are plotted as a function of the applied magnetic field in Figs. 8͑a͒ and 8͑b͒, respectively. The peaks denoted by open squares were observed for ϩ polarization, while those denoted by closed circles were for Ϫ polarization. We note that the maximum values of the ordinates are the same, 900 eV in both Figs. 8͑a͒ and 8͑b͒. The PL peaks observed at the lower energy side show a larger energy shift with the field than those observed at the higher energy side. The PL peak energies are well fitted by FIG. 6 . Comparison of PL spectra of ͑a͒ as grown and ͑b͒ mesa samples under various excitation powers. The square bracket in Fig.  6͑a͒ shows the energy region shown in Fig. 6͑b͒ . The state filling effect was significant when the excitation power was above ϳ1 W/cm 2 .
FIG. 7.
Two examples of the PL energy shifts in a magnetic field. Measurements were performed in the Faraday configuration (kʈzʈB). The shifts in the magnetic field measured for the ϩ polarization are larger than those for the Ϫ polarization. The PL peaks which appear at the lower energy side at zero field show a large energy shift in the magnetic field. 
where E 0 is the zero-field transition energy, B is the Bohr magneton, and g* is the effective g-value of the confined exciton. 47 The coefficient ␥ 2 of the quadratic term in Eq. ͑5͒ is called as the diamagnetic coefficient, which is the main interest for the following part of the article.
The magnetic field effect on the -PL spectra was also studied in the Voigt configuration (kʈzЌB) as shown in Fig.  9 . In this measurement, a polarizer was not set in the optical path because of the weak signal. 48 All PL peaks shift to the higher energy side with the increase of the magnetic field. The energy shift of the PL peak indicated by the arrow ͑1.6866 eV at 0 T͒ is shown in the inset by the closed circles. Again, the PL peak energies can be well fitted using a quadratic function as shown by the solid curve.
The diamagnetic coefficients evaluated from the experimental results shown in Figs. 7-9 are summarized in Fig. 10 . In the experiments, several PL peaks were examined in the Faraday ͑closed triangles and circles͒ and Voigt ͑open lozenges͒ configurations. The data denoted by the closed triangles ͑Faraday configuration͒ and open lozenges ͑Voigt configuration͒ was measured under weak excitation of ϳ100 mW/cm 2 , while those denoted by the closed circles ͑Faraday configuration͒ were measured under strong excitation of ϳ300 mW/cm 2 . Some PL peaks appear when the excitation is slightly increased. The PL peaks denoted by the closed circles were not observed under weak excitation. Therefore, these PL peaks observed under strong excitation may come from the excited states or the ground state with low PL efficiency. A large difference in the diamagnetic coefficients was, however, not observed between the PL peaks that appear under strong and weak excitations. The open squares were measured using QDs grown by means of gassource molecular beam epitaxy ͑GS-MBE, for details, see Ref. 32͒. A systematic decrease of the diamagnetic coefficient was found with the increase of the detection energy when measured in the Faraday configuration. In other words, the diamagnetic coefficient decreases with decreasing QD size. The diamagnetic coefficient asymptotically approaches a constant value of ϳ3 eV/T 2 . This is almost the same as the value measured in the Voigt configuration. When the size of QDs becomes very small, the diamagnetic coefficient should finally approach the value of bulk Ga 0.5 In 0.5 P due to the leakage of the exciton wave function. 49 However, the minimum value of the diamagnetic coefficient obtained in this study is ϳ3 eV/T 2 , which is much smaller than the diamagnetic coefficient in bulk Ga 0.5 In 0.5 P. 50 We thus consider that the small value is due to the strong confinement in small InP QDs.
In the Faraday configuration (Bʈz), the magnetic fields confines the carriers in the x-y plane, while they are confined in the y-z plane in the Voigt configuration (Bʈx). Therefore, the diamagnetic coefficient measured in the Faraday configuration reflects the wave function along the lateral direction (x and y), while that measured in the Voigt configuration reflects the wave function along the growth direction z. Due to the flat shape of the QD, the quantum confinement along the z direction is stronger than that along the x-y direction, and thus the exciton wave function is already shrunk significantly along the z direction even at 0 T. In this case, an additional confinement by the magnetic field is less effective. This ex- plains why the diamagnetic coefficient is smaller when observed in the Voigt configuration. 51 The diamagnetic coefficient can be written as
where e, ͱ ͗ 2 ͘, and are the electronic charge, the effective exciton size, and the reduced mass, respectively. We note that the wave functions of the electrons and holes are assumed to have the same size. The effective exciton size due to the magnetic confinement can be estimated using this relationship.
The size dependence of the diamagnetic coefficient in the Faraday configuration is qualitatively understood as follows. In a strong confinement regime, the confined exciton energy E and the QD radius R have the relation
where E B is the band gap energy of the bulk InP (E B ϭ1.42 eV at liquid helium temperature 52 ͒ and the second term is the confinement energy. In Eq. ͑7͒, the shape of the QD is assumed to be spherical for simplicity. The effective exciton radius is considered to be comparable with the QD size. Thus, we finally obtain the relation
with aϭ(បe/4) 2 . In the case of InP, aϭ1.7 ϫ10 Ϫ6 eV 2 /T 2 is obtained when we use m hh ϭ0.56m 0 (m 0 is the free electron mass͒ for the heavy hole and m e ϭ0.08m 0 for the conduction electron to estimate the reduced exciton mass,
.
͑9͒
Despite the simplicity of this model, it explains our experimental results in the Faraday configuration very well, as shown by the thick curve in the inset in Fig. 10 . The diamagnetic coefficient ␥ 2 gradually decreases as the observation energy E increases, which is consistent with the experiment.
Further, since the height of the QDs is about a quarter of the base diameter, 8, 39 the diamagnetic coefficient when measured in the Voigt configuration is expected to be four times smaller than that in the Faraday configuration. Based on this model, the calculated result of the diamagnetic coefficient in the Voigt configuration is also shown by the thin curve in the inset in Fig. 10 . Again, the agreement between the experiment and the model is fairly good. Therefore, we conclude that the gradual reduction of the diamagnetic coefficient with the QD size reflects the decrease of the effective exciton size due to the strong quantum confinement in the QDs.
IV. SUMMARY
We have studied the optical properties of the InP QDs in the presence of external electric and magnetic fields. The quantum confined Stark shifts of both the exciton and biexciton states were clearly observed. The quadratic Stark coefficient was evaluated to be of the order of 10 Ϫ31 Fcm 2 , and it varies slightly from dot to dot. It was found that the energy separation of the PL peaks between the exciton and biexciton states changes with the applied bias, reflecting a small difference of the Stark coefficient of these states. We find that the exciton and biexciton states have a nonzero permanent dipole moment. The average spatial separation of the electron and hole wave functions along the growth axis was evaluated to be about 7 Å for excitons and 8 Å for biexcitons. We also found that the holes are located closer to the base of the QDs compared to the electrons. The experimental results are consistent with reported theoretical calculations.
Zeeman splitting and diamagnetic shift of the exciton state were also clearly observed by the magnetic PL measurements of single InP QDs. We found that there is a systematic decrease of the diamagnetic coefficient with decreasing size of the QDs. The diamagnetic coefficient measured in the Voigt configuration was small compared to that measured in the Faraday configuration. We concluded that the gradual reduction of the diamagnetic coefficient with the QD size reflects the decrease of the effective exciton size due to the quantum confinement. . 46 It should be mentioned that we have measured the Stark shift under both weak ͑less than 0.1 excitons/dot͒ and strong ͑about 1 exciton/dot͒ excitation conditions to examine the effect from excess carriers on both inside and outside of the QDs. However, a significant difference was not observed in the Stark coefficients. 47 We have measured several samples and found that the Zeeman splitting ⌬E Ϯ ϭ B g*B, which reflects the effective g -value, is scattered over a wide range from 200 to 800 eV at 10 T. A systematic change of the Zeeman splitting was not observed, which is the same as the case of the InAs QDs in the ͑Al͒ GaAs matrix. 34 More details of the Zeeman splitting will be discussed elsewhere. 48 Bayer et al. has reported a fine splitting in the Voigt configuration in In x Ga 1Ϫx As QDs, where the splitting is much smaller than that observed in the Faraday configuration. 36 In our case, however, such a splitting was not observed probably because of the small g-value in InP QDs.
